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Since 1997, outbreaks of highly pathogenic (HP) H5N1 and circulation of HIN2 viruses among domestic
poultry in Asia have posed a threat to public health. To better understand the extent of transmission of avian
influenza viruses (AIV) to humans in Asia, we conducted a cross-sectional virologic study in live bird markets
(LBM) in Hanoi, Vietnam, in October 2001. Specimens from 189 birds and 18 environmental samples were
collected at 10 LBM. Four influenza A viruses of the H4N6 (n = 1), H5N2 (n = 1), and HIN3 (n = 2) subtypes
were isolated from healthy ducks for an isolation frequency of over 30% from this species. Two H5N1 viruses
were isolated from healthy geese. The hemagglutinin (HA) genes of these HSN1 viruses possessed multiple
basic amino acid motifs at the cleavage site, were HP for experimentally infected chickens, and were thus
characterized as HP AIV. These HA genes shared high amino acid identities with genes of other H5N1 viruses
isolated in Asia during this period, but they were genetically distinct from those of HSN1 viruses isolated from
poultry and humans in Vietnam during the early 2004 outbreaks. These viruses were not highly virulent for
experimentally infected ducks, mice, or ferrets. These results establish that HP H5N1 viruses with properties
similar to viruses isolated in Hong Kong and mainland China circulated in Vietnam as early as 2001, suggest
a common source for H5N1 viruses circulating in these Asian countries, and provide a framework to better

understand the recent widespread emergence of HP H5N1 viruses in Asia.

Influenza A viruses that reside naturally in wild bird species
comprise all known subtypes and provide viral genes from
which influenza viruses that infect both domestic poultry and
mammalian species, including humans, arise (49, 59, 61). In the
last 10 years, the incidence of highly pathogenic (HP) avian
influenza in domestic poultry has increased substantially, while
subtypes of low pathogenicity (LP), such as HIN2, have be-
come endemic in Europe and Asia (1, 12, 13, 41). These events
have increased the frequency of human exposure to poultry
infected with avian influenza viruses (AIV), which has resulted
in poultry-to-human transmission of these viruses. Substantial
human illness and death have occurred in the case of HP H5N1
and H7N7 strains, while HIN2 viruses have been isolated from
individuals with mild influenza (18, 20, 26, 46, 63, 66). These
events highlight the potential of domestic poultry to act as an
intermediate host to facilitate transmission of AIV to humans.
To date, the AIV that have transmitted to humans have not
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acquired human influenza virus genes and lacked the ability to
spread efficiently from person to person (22, 26, 58). Never-
theless, as the number of human infections with AIV increases,
so too does the likelihood of human coinfection with both
avian and human viruses and the potential for a novel avian-
human reassortant virus to emerge. Such a virus could have the
ability to transmit efficiently in human populations with little or
no immunity against the novel hemagglutinin (HA) and give
rise to a pandemic. Such was the case in 1957 and 1968, when
human-avian reassortant viruses, having acquired avian influ-
enza virus HA, neuraminidase (NA), and PB1 or HA and PB1
genes, respectively, emerged to cause pandemics in humans
(24, 61).

Most of the pandemic strains in the last century first ap-
peared in southern China, a hypothetical influenza epicenter
(51, 52). In 1997 in Hong Kong, during the first known out-
break of human infections with HP H5N1 AIV (7, 8, 55, 56),
exposure to live poultry at retail stalls or markets during the
preceding week was identified as a significant risk factor for
human illness (40). At that time, multiple species of waterfowl
and land-based birds were housed together in Hong Kong live
bird markets (LBM), creating an ideal environment for genetic
reassortment among influenza viruses harbored by different
avian species and the generation of avian strains with the
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potential to infect humans. Serological evidence for HS infec-
tion was found in 10% of LBM poultry workers tested (3).
Depopulation of domestic poultry in Hong Kong in late 1997
halted the transmission of the HSN1 AIV to humans, ending
the outbreak. Since then, HP H5N1 viruses have reemerged in
domestic poultry in Hong Kong on several occasions, most
recently in late 2002, when viruses were also isolated from dead
wild birds in Hong Kong wildlife parks (14, 15, 16, 53). In
February 2003, H5N1 viruses similar to that isolated from a
wild water bird were isolated from a father and son with re-
spiratory illness; the father subsequently died, while the son
recovered fully (17, 47, 62).

The cultural preference for the consumption of freshly
slaughtered poultry is not unique to Hong Kong or mainland
China, and LBM are common in many other Asian countries,
including Vietnam. In October 2001, we initiated a study to
better understand the extent of avian influenza virus circula-
tion and the risk of infection among workers in LBM in Hanoi,
Vietnam. The results of the human seroepidemiological study
will be reported elsewhere. Here we report the first isolation of
multiple subtypes of AIV, including HP H5N1 viruses, from
specimens collected from healthy domestic waterfowl in LBM
in Hanoi, Vietnam, in 2001. This is the first report of HP HSN1
viruses in LBM outside of Hong Kong, prior to the recent
widespread outbreaks of HP H5N1 in Vietnam and other parts
of Asia that occurred since December 2003. We describe the
antigenic, genetic, and pathogenic properties of the H5N1 vi-
ruses isolated in Vietnam in LBM in 2001. The characteristics
of these viruses provide important insights for understanding
the origins of the HP H5NI1 influenza viruses in Asia. Our
results highlight the need for further study of the influenza
ecology in the region as a component of pandemic prepared-
ness.

MATERIALS AND METHODS

Sample collection and virus isolation. Over 2 days in October 2001, 396
specimens were collected from five species of domestic poultry at 10 LBM in
urban Hanoi, Vietnam. Oropharyngeal and cloacal swabs were collected from
each of 189 randomly chosen birds. Additionally, 18 fecal specimens were col-
lected either from the bottom of cages housing at least two bird species or
environmental surfaces of the markets. The number of samples collected from
each type of poultry was estimated to be proportional to the number and type of
poultry in the market. Most specimens were collected from apparently healthy
birds, although specimens were also collected from two chickens showing signs of
disease (depression, ruffled feathers) and two dead birds. Swabs were placed in
transport medium, consisting of phosphate-buffered saline (PBS) containing
50% glycerol, penicillin (2,000 U/ml), gentamicin (250 pg/ml), polymixin B
(2,000 U/ml), nystatin (500 U/ml), ofloxacin HCI (60 wg/ml), and sulfamethox-
azole (200 pg/ml). Specimens were immediately chilled and then frozen at
—70°C on return to the laboratory. Individual specimens from pooled samples
that were positive by PCR (see below) were cultured in 10-day-old embryonated
chicken eggs for 24 to 48 h at 37°C (and were frozen in aliquots at —70°C). The
allantoic fluids were harvested and tested for HA activity as previously described
(25). The 50% egg infectious dose (EIDs5,) was determined by serial titration of
virus in eggs and was calculated by the method of Reed and Muench (48). All
experiments using infectious virus were conducted in a biosafety level 3 (BSL-3)
facility with enhancements approved for work with HP AIV by the U.S. Depart-
ment of Agriculture.

Identification of specimens positive for influenza A viruses by RT-PCR. RNA
was extracted from pools of like specimens (cloacal, oropharyngeal, or fecal)
from five birds by using a MagNA Pure LC Total Nucleic Acid Extraction kit and
a MagNA Pure LC instrument (Roche, Mannheim, Germany). Samples were
amplified using a One-Step reverse transcription-PCR (RT-PCR) kit (QIAGEN,
Valencia, Calif.) and either influenza A virus NP-specific primers previously
designed by Lee et al. (30) or primers specific for the M and F genes of Newcastle
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disease virus (NDV) (50), another avian virus frequently isolated from avian
species.

Subtyping and antigenic characterization of AIV. Virus isolates were subtyped
by the hemagglutination inhibition (HAI) test, using a panel of reference anti-
sera against 15 HA subtypes obtained either from the National Institutes of
Allergy and Infectious Diseases (Bethesda, Md.) reagent repository or kindly
provided by R. Webster (St. Jude Children’s Research Hospital, Memphis,
Tenn.) and using 4 hemagglutinating units (HAU) of virus and 0.5% turkey red
blood cells. Additional antigenic characterization of viruses was conducted by
HALI using postinfection ferret antisera as previously described (25). To increase
titers to some avian viruses, ferrets were boosted 14 days after intranasal infec-
tion with approximately 1,000 HAU of virus mixed with TiterMax (CytRx Cor-
poration, Norcross, Ga.) inoculated into the rear footpads in a total volume of
0.5 ml and/or sera were concentrated 1:4 by centrifugation under vacuum. The
NA subtypes of viruses were determined genetically. The NA genes of these
viruses were amplified using primers and RT-PCR conditions described by Hoff-
mann et al. (21). The PCR products were directly sequenced as described below,
and the NA subtypes were identified by nucleotide BLAST search on viral
nucleotide sequences that were available from the National Center for Biotech-
nology Information, Bethesda, Md. (http://www.ncbi.nlm.nih.gov/BLAST/).

Genetic and phylogenetic analysis of surface glycoproteins. Viral RNA was
extracted from virus-infected allantoic fluids with the One-Step RT-PCR kit
(QIAGEN) and was used to amplify HA and NA genomic segments as full-
length or overlapping fragments by RT-PCR. The amplicons were sequenced on
an automated Applied Biosystems 373 AI 3100 system using cycle sequencing
dye terminator chemistry (Perkin-Elmer, Foster City, Calif.). Primer sequences
are available upon request. The nucleotide sequences were edited using the
Seqman module of the DNAStar package. The nucleotide sequences for the HA
genes were aligned by the Clustal W method, using the MegAlign module of
DNAStar software. Phylogenetic analysis was performed using the PHYLIP 3.5¢
software package, implementing the neighbor joining method with Kimura 2-dis-
tance parameters (10). The tree topology was evaluated by 1,000 bootstrap
analyses. The tree was drawn using TreeView 1.6.6 (45). The nucleotide se-
quence regions used for phylogenetic analysis for HS HA, H9 HA, and H4 HA
were 179 to 1130, 139 to 1068, and 20 to 1309, respectively.

Pathogenicity tests of H5N1 viruses in avian species. Four-week-old White
Plymouth Rock (WPR) chickens were used in pathogenicity studies using stan-
dard procedures (43). Briefly, eight chickens were inoculated by the intravenous
(i.v.) route with 0.2 ml of a 1:10 dilution of bacteria-free allantoic fluid containing
107 EIDs, of A/Goose/Vietnam/113/2001 (Gs/VN/113/01) or A/Goose/Viet-
nam/324/2001 (Gs/VN/324/01) virus. In addition, eight birds were inoculated by
the intranasal (i.n.) route with 10%° EIDs, of each of the above H5NT1 viruses.
Birds were evaluated for signs of illness for up to 10 days. For studies with ducks,
10 2-week-old Pekin white ducks (Anas platyrhynchos) (Privett hatchery, Por-
tales, N. Mex.) were inoculated i.n. with 0.1 ml of 10°° EIDs, of either Gs/VN/
113/01 or A/Egret/Hong Kong/757.2/2002 ([H5N1] Eg/HK/757.2/02). The latter
virus was isolated from a wild egret at a Hong Kong waterfowl park in December
2002 and was kindly provided by Trevor Ellis, Agriculture Fisheries and Con-
servation Department, Tai Lung Veterinary Laboratory, Hong Kong. Two ducks
from each group were euthanatized on day 2 postinfection (p.i.), and tissues were
collected and frozen at —70°C for subsequent virus isolation in 10-day-old em-
bryonated eggs.

Pathogenicity tests of H5 viruses in mammalian species. Lightly anesthetized
6- to 10-week-old female BALB/c mice (Charles River Laboratories, Wilming-
ton, Mass.) were inoculated i.n. with 50 pl of virus diluted in PBS to give doses
of 10° to 107 EIDs,,. The 50% mouse infectious dose (MIDs) and the 50% lethal
dose (LDs,) were determined as previously described (37). Mice were monitored
daily for changes in weight and signs of illness for 14 days p.i. Three mice per
group were euthanatized on day 3 or day 6 p.i., and organs were harvested and
frozen at —70°C for subsequent virus isolation. Whole tissues were thawed and
homogenized in 1 ml of cold PBS and were considered a 100% tissue suspension.
Clarified tissue homogenates were titrated in embryonated eggs for infectivity.
Virus titers were calculated using the method of Reed and Muench (48).

Six young adult Fitch ferrets (Triple F Farms, Sayre, Pa., or Marshall Farms,
North Rose, N.Y.) were inoculated i.n. with 107 EIDs, of virus in 1 ml of PBS
and were monitored for 14 days as previously described (67). Three animals were
euthanatized on day 3 p.i., and portions of organs were harvested and stored at
—70°C for subsequent virus titration in embryonated eggs. Tissues were fixed in
10% neutral buffered formalin solution, sectioned, and stained by hematoxylin
and eosin.

Nucleotide sequence accession numbers. The sequence data described in this
report were submitted to GenBank with accession numbers ISDN38259 through
ISDN38261 (H5) and ISDN68679 through ISDN68681 (H4 and H9) (38).
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TABLE 1. Summary of avian influenza viruses isolated from Hanoi LBM by host species®

No. of birds

No. of viruses isolated and virus subtype (market)”

Species Total (%
P sampled H4NG H5N1 H5N2 HON3 )
Chicken 98
Pigeon 39
Goose 33 27 (B, C) 2 (6.1)
Duck 13 1° (A) 1¢ (D) 2¢ (A, D) 4(30.8)
Quail 6
Total (%) 189 1(0.5) 2(1.1) 1(0.5) 2(1.1) 6(3.2)

“ Cloacal and oropharyngeal specimens were collected from each bird sampled. In addition, 18 fecal specimens were collected from the bottom of cages housing
mixed birds (6) or from environmental surfaces of the market (12). All 18 fecal specimens were negative for influenza A virus by PCR. Newcastle disease virus was

isolated from 16 chickens, 4 pigeons, 2 geese, 1 duck, and 1 fecal specimen.
® Markets are designated A, B, C, and D.
¢ Isolated from a cloacal swab.

4 One virus isolated from a cloacal swab and the other from an oropharyngeal swab.
¢ One virus isolated from a cloacal swab; second virus isolated from both cloacal and oropharyngeal swabs.

RESULTS

Multiple subtypes of AIV isolated from LBM. Cloacal and
oropharyngeal specimens from 189 birds and 18 environmental
specimens were collected from 10 retail markets in Hanoi,
Vietnam. The numbers of specimens collected from each spe-
cies reflected their approximate overall frequency in the LBM.
No AIV were isolated from chickens, from which the most
specimens were collected. In contrast, NDV was isolated from
16 of 98 (16%) chickens. Six influenza viruses, representing
four subtypes, were isolated from four markets (Table 1). One
H4NG6, one H5N2, and two HIN3 strains were isolated from 4
different ducks of the 13 sampled, giving a 31% isolation rate
in this avian species. HSN1 viruses were isolated from 2 of 33
geese (6.1%) sampled. All viruses were recovered from appar-
ently healthy birds. No AIV were isolated from quail, pigeons,
or environmental materials. The H4N6 virus (A/Duck/Viet-
nam/14/2001 [Dk/VN/14/01]) and one HI9N3 virus (A/Duck/
Vietnam/68/2001 [Dk/VN/68/01]) were isolated from one mar-
ket, the largest in Hanoi at the time. Another smaller market
yielded the HSN2 virus (A/Duck/Vietnam/342/2001 [Dk/VN/
342/01]) and two HIN3 isolates (A/Duck/Vietnam/339/2001
[Dk/VN/339/01] and A/Duck/Vietnam/340/2001 [Dk/VN/340/
01]) from oropharyngeal and cloacal swabs, respectively, col-
lected from the same bird. The latter HIN3 isolates are con-
sidered a single virus isolation, and for clarity only results for
Dk/VN/340/01 will be presented. The H5N1 viruses Gs/VN/
113/01 and Gs/VN/324/01 were isolated from geese sampled at
two additional markets.

Genetic and antigenic analysis of H4N6 and HIN3 viruses
isolated from LBM. Phylogenetic analysis of the HAI gene
demonstrated that the H4N6 virus, Dk/VN/14/01, grouped
with the Eurasian H4 lineage represented by A/Duck/Czecho-
slovakia/1/56 virus (Fig. 1A). The Dk/VN/14/01 isolate shared
89.9% nucleotide identity with A/Duck/Czechoslovakia/1/56 vi-
rus. When compared with additional H4 nucleotide sequences
for which only a portion of the HA1 sequence (nucleotides 270
to 418) was available (34), Dk/VN/14/01 was found to be
closely related (93.3% identity) to H4 viruses from ducks and
chickens isolated in Nanchang, China, LBM in 2000 (Table 2).
Ferret antiserum raised against Dk/VN/14/01 with a homolo-
gous HALI titer of 640 reacted to a titer of 320 with A/Duck/
Czechoslovakia/1/56, and it also cross-reacted with North

American H4 viruses A/Duck/New Jersey/5406.27/94 and
A/Duck/New Jersey/14190.23/96 but not with an earlier North
American H4 virus, A/Chicken/Alabama/1/75 (data not shown).

Viruses of the H9 subtype from Eurasia that have circulated
since the mid-1990s can be distinguished into three sublineages
on the basis of antigenic and genetic properties (13, 19, 31).
The HA1 genes of two Vietnam HIN3 viruses were sequenced
and compared phylogenetically with other H9 viruses from the
Eurasian lineage. Figure 1B illustrates the three distinct ge-
netic groups within the Eurasian lineage. The HIN3 viruses
from Vietnam LBM belonged to the Korean group repre-
sented by A/Duck/Hong Kong/Y439/97 (13, 19, 31) (Fig. 1B).
The HA1 of H9 viruses from Vietnam, Dk/VN/68/01 and Dk/
VN/340/01, shared nucleotide sequence identities of 96.7 and
98.4%, respectively, with A/Duck/Hokkaido/9/99 (Table 2).
The two HIN3 viruses from Vietnam shared 97.6% amino acid
identity in HA1 (data not shown). One amino acid difference
between the viruses was located at the HA cleavage site. Dk/
VN/68/01 possessed a sequence (PAASSR/GL) similar to that
found in other H9 viruses isolated in recent years from south-
ern China and Hong Kong (35, 36), whereas Dk/VN/340/01
possessed a PAASGR/GL cleavage site sequence motif. The
HON3 viruses isolated in the present study possessed a glu-
tamine (Q) at residue 216 in HA1 (H9 numbering; 226 in H3
numbering), a receptor binding site residue typical of AIV and
associated with the preferential binding of sialic acid (SA) in
a2,3 linkage to galactose (35, 36, 39).

The antigenic characteristics of the HON3 viruses were de-
termined by the HAI assay using postinfection ferret sera. As
shown in Table 3, the two HIN3 viruses isolated in Hanoi LBM
were antigenically similar to each other and were most similar
to the A/Chicken/Korea/96323/96 reference virus. The HIN3
viruses reacted poorly with antisera to viruses representing the
G1- and Y280-like antigenic groups, although sera raised to
Dk/VN/340/01 was more broadly cross-reactive with viruses
from each of the H9 sublineages.

Genetic analysis of H5 HA1 and NA genes. The HA cleavage
site (PRIERRRKKR/GL) identified the two H5N1 viruses iso-
lated from apparently healthy geese in the LBM as HP AIV.
The two HS5NI1 viruses differed by only a single amino acid
residue in HA1 (E189K, H5 numbering; 194 in H3 number-
ing), which may contribute to the minor antigenic differences
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FIG. 1. Phylogenetic relationships of hemagglutinin genes from (A) H4, (B) H9, and (C) HS5 viruses isolated from LBM in Vietnam in 2001
and other representative AIV of these subtypes. The trees were drawn using the TreeView 1.6.6 program (45). Numbers below branches indicate
the bootstrap values from 1,000 analyses; values less than 70% are not shown. The nucleotide sequence regions used for phylogenetic analysis were
20 to 1309 (1,290 bp), 179 to 1130 (952 bp), and 139 to 1068 (930 bp) for the H4, HS, and H9 genes, respectively. The H14NS subtype virus
A/Mallard/Gurjev/263/82, H12N5 virus A/Duck/Alberta/60/76, and H5N1 virus A/Chicken/Scotland/59 were used as outgroups for the H4, H9, and
HS genes, respectively. Eurasian and North American lineage and sublineages (Korea, G1, and Y280) are indicated. The viruses characterized in
this study are indicated in boldface. The number of nucleotide changes represented by the scale bar is given for each figure.

detected in the HAI assay. The H5SN2 duck virus possessed a
cleavage site (PQRETR/GL) characteristic of an LP AIV. A
phylogenetic comparison with HA1 genes from HS5 viruses
isolated in Asia between 1979 and 2004 is shown in Fig. 1C.
The two H5NI1 viruses from the Vietnam LBM were geneti-
cally related to A/Goose/Guangdong/1/1996 (Gs/Gd/1/96) vi-
rus, the progenitor of the H5N1 viruses isolated from poultry
and humans in Hong Kong in 1997 and domestic geese in
South China between 1999 and 2002 (5). Gs/VN/113/01 and
Gs/VN/324/01 were most similar (>98%) in nucleotide se-

quence to viruses isolated from waterfowl in Hong Kong in
2000 to 2001 (Table 2). In contrast, the HA1 gene of the HSN2
virus Dk/VN/342/01 was most similar in nucleotide (93.5%
identity) and amino acid sequence to an earlier Eurasian H5
virus, A/Chicken/Italy/312/97. The NA genes of the two H5N1
isolates were identical to each other and did not possess a
deletion in the stalk region found in the H5N1 viruses that
infected humans in Hong Kong in 1997 and in Vietnam and
Thailand in 2004 (2, 17, 32). Further analysis of the NA genes
of the H5N1 viruses and internal genes of all viruses isolated
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during this study will be described elsewhere (S. Jadhao and

J. M. Katz, unpublished data).

Antigenic characterization of HSN1 and H5N2 isolates. The
antigenic relationships among the three HS viruses isolated
from LBM in Vietnam and other H5 viruses isolated in Asia

AVIAN INFLUENZA VIRUSES IN VIETNAM IN 2001

Turkey/Wisconsin/66
— Shorebird/Delaware/9/96

98

100 _E Quail/Arkansas/29091/93
Turkey/Minnesota/3836/95
Duck/Hong Kong/784/79

_:Zmoleong Kong/168/77
[} Goose/Minnesata/5733/80

Chicken/Korea/99029/99
100 _l—_ChickeniKorea/96323/96
Chicken/Korea/MS96/96

100

Duck/Hong Kong/Y439/97
Duck/Hokkaido/49/98
92 Duck/Vietnam/68/01
Duck/Hokkaido/31/97
Duck/Vietnam/340/01
Duck/Shantou/1588/00
Duck/Shantou/2030/00
Duck/Hokkaido/9/99
Duck/Hokkaido/13/00
Quail/Hong Kong/AF157/92
Chicken/Pakistan/2/99
Quail/Hong Kong/G1/97
Hong Kong/1073/99
Hong Kong/1074/99
Chicken/Hong Kong/739/94
Chicken/Beijing/1/94
Duck/Shantou/1042/00
Duck/Shantou/2134/00
Swine/Hong Kong/10/98
Chicken/Hong Kong/G23/97
Chicken/Hong Kong/G9/97

Duck/Shantou/2088/01
Chicken/Henan/1/99
Duck/Hong Kong/Y280/97

42 nucleotides
FIG. 1—Continued.

Chicken/Hong Kong/FY20/99

North
American

Korea

G1

Y280

4205

from 1997 to 2003 were evaluated by HAI assay using postin-

fection ferret antisera (Table 4). The two H5N1 strains (Gs/

VN/113/01 and Gs/VN/324/01) were antigenically similar to
each other, with the exception of a fourfold lower reactivity of
VN/324/01 with antisera raised to Gs/VN/113/01. Both Viet-
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nam HS5NT1 isolates were antigenically distinct from the HSN2
isolate (Dk/VIN/342/01) and other H5N1 viruses isolated from
avian species or humans in Hong Kong between 1997 and
2003. Dk/VN/342/01 was antigenically more closely related to
HS Eurasian viruses isolated before 2000. All H5 viruses iso-
lated from Vietnam LBM in 2001 were antigenically distinct

from two H5N1 viruses, A/Vietnam/1203/2004 and A/Vietnam/
1194/2004, isolated from humans in early 2004.

Pathogenicity of H5N1 isolates for avian species. Based on
the sequence of the multibasic amino acid sequence motif at
the HA cleavage site, the two H5N1 viruses isolated from the
Vietnam LBM were identified as HP strains. To evaluate their
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TABLE 2. Nucleotide sequence identity of HA1 gene region of AIV isolated in Hanoi LBM

Virus (subtype) Region compared

Virus with greatest identity Identity (%)

Dk/VN/14/01 (H4NG) 20-1309
270-418
270-418
Gs/VN/113/01 (H5N1) 179-1130
Gs/VN/324/01 (H5N1) 179-1130
Dk/VN/342/01 (H5N2) 179-1130
Dk/VN/68/01 (HIN3) 139-1068
Dk/VN/340/01 (HIN3) 139-1068

A/Duck/Czechoslovakia/1/56 89.9
A/Chicken/Nanchang/20527/00 93.3
A/Duck/Nanchang/4-173/00 93.3
A/Goose/Hong Kong/76.1/01 98.3
A/Goose/Hong Kong/3014.5/00 98.3
A/Goose/Vietnam/324/01 99.7
A/Goose/Hong Kong/76.1/01 98.4
A/Goose/Hong Kong/3014.5/00 98.4
A/Goose/Vietnam/113/01 99.7
A/Chicken/Italy/312/97 93.5
A/Duck/Hokkaido/9/99 96.7
A/Duck/Hokkaido/9/99 98.4

virulence for chickens, WPR chickens were infected by the i.v.
or i.n. route with the two H5N1 viruses (Table 5). By the i.v.
route, both Gs/VN/113/01 and Gs/VN/324/01 caused >75%
lethality within 24 h and 100% mortality within 48 h. By the i.n.
route, each of the viruses was lethal for seven of eight birds
within 72 h. The mean death time (MDT) of chickens was 27
and 24 h following i.v. inoculation and 62 and 57 h following
i.n. inoculation with Gs/VN/113/01 and Gs/VIN/324/01, respec-
tively. Therefore, the two HS5N1 viruses isolated from healthy
geese at two separate LBM in Hanoi in 2001 fulfilled the
criteria for HP AIV (43). Because the H5N2 virus did not
possess multiple basic amino acids at the HA cleavage site, its
pathogenicity for chickens was not evaluated.

The pathogenicity of GsVN/113/01 (H5N1) virus for Pekin
white ducks was also determined. The Eg/HK/757.2/02 (H5N1)
virus, known to be lethal for wild aquatic birds, was also in-
cluded in these studies for comparison (9). Ten 2-week-old
ducks were inoculated i.n. with 10%° EIDs,, of either virus. Two
birds were euthanatized on day 2 p.i. to determine the extent of
viral replication in tissues. The remaining eight birds were
observed for signs of illness over a 14-day period. None of the
birds inoculated with Gs/VN/113/01 showed signs of illness or
died (Table 5). Nevertheless, high titers of virus were detected
on day 2 p.i. in the lung and kidney of ducks inoculated with
this virus (Fig. 2A). In contrast, Eg/HK/757.2/02 was highly
lethal for eight of eight ducks, with an MDT of 5.3 days (Table
5). High titers of virus were detected in the lung, kidney,

muscle, and brain of birds inoculated with this lethal strain
(Fig. 2A). Viral titers in the oropharynx and cloaca were also
monitored for the first week of infection. Cloacal swabs from
birds infected with either virus yielded minimal (<=10"® EID5,/
ml) virus at any day p.i., whereas oropharyngeal titers were
highest on day 3 p.i. and were 10"® and 10*7 EIDs,/ml for
Gs/VN/113/01 and Eg/HK/757.2/02, respectively. Thus, al-
though the H5N1 virus isolated from healthy geese in LBM in
Vietnam was highly pathogenic for experimentally infected
chickens and could replicate in some tissues of Pekin white
ducks, the virus was not lethal for this avian species.
Pathogenicity of H5N1 viruses in mice and ferrets. Mice and
ferrets have been used previously to evaluate the pathogenicity
of HP H5N1 viruses for mammals (37, 67). In these models,
HP H5NT1 viruses isolated from humans in Hong Kong in 1997
were found to cause severe and/or lethal disease (37, 67) and
are used here as comparative controls for virulence. The
MID,, and LD, titers were determined in BALB/c mice in-
fected i.n. with HP Gs/VN/113/01 (H5N1), the LP Dk/VN/
342/01 (H5N2), or A/Hong Kong/483/97 (HK/483) (H5N1),
previously shown to be highly lethal for mice (37) (Table 6).
The MIDs, of both the HSN1 and the HSN2 viruses isolated
from birds in Vietnam LBM were approximately 10,000-fold
higher than the MIDs, of HK/483 virus, indicating that the
Vietnam isolates exhibited a substantially reduced ability to
infect mice compared to the 1997 H5N1 strain. Correspond-
ingly, the LDy,s for the two Vietnam isolates were >10°°

TABLE 3. Hemagglutination-inhibition (HAI) reactivity of Vietnam HIN3 viruses compared to that of other H9 subtype viruses

HALI reactivity of reference ferret antiserum against H9 viruses®

Virus® Gl-like Y280-like Korea-like
HK/G1/97 HK/1073/99 HK/G9/97 HK/Y280/97 Sw/HK/98 HK/2108/03 Ck/Kor/96 'VN/340/01
Qu/HK/G1/97 1,280 640 10 80 <b 20 < 1,280
HK/1073/99 640 1,280 20 80 < 40 10 2,560
Ck/HK/G9/97 80 160 2,560 5,120 2,560 320 320 5,120
Dk/HK/Y280/97 40 40 1,280 2,560 1,280 160 160 2,560
Sw/HK/10/98 20 40 1,280 2,560 1,280 160 160 2,560
HK/2108/03 40 40 640 640 320 640 320 320
Ck/Kor/96323/96 < < < 20 < < 640 640
Dk/VN/340/01 < < < 80 < 20 320 5,120
Dk/VN/68/01 < < 10 80 < < 640 5,120

“ Virus abbreviations: Qu, Quail; Ck, Chicken; Dk, Duck; Sw, Swine; HK, Hong Kong; Kor, Korea; VN, Vietnam.

» <, No inhibition detected at the lowest serum dilution of 1:10.
¢ HALI titers against homologous virus are shown in boldface type.
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TABLE 5. Pathogenicity of HSN1 viruses for avian species
. . Route of Infection dose No. dead/No.
Species (age) Virus inoculation (log,(EIDs() inoculated MDT
WPR chickens (3-4 wk) Gs/VN/113/01 iv. 7.6 8/8 27
in. 6.0 8/8 62
Gs/VN/324/01 iLv. 7.6 8/8 24
in. 6.0 8/8 57
Pekin white ducks (2 wk) Gs/VN/113/01 in. 6.0 0/8 NA?
Eg/HK/757.2/02 in. 6.0 8/8 127

“ MDT, mean death time given in hours after virus inoculation.
® NA, not applicable; all birds survived the 14-day observation period.
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FIG. 2. Virus titers in tissues from (A) ducks and (B) ferrets in-
fected with H5NT1 viruses. (A) Ducks were inoculated i.n. with 10%°
EIDy, of Gs/VN/113/01 (shaded bars) or Eg/HK/757.2/02 (open bars)
virus. The mean tissue titers plus standard errors (SE) from two birds
on day 2 p.i. are shown. Titers are expressed as mean log,, EIDs/g
except for the oropharyngeal swab (OroPh), for which titers are ex-
pressed as mean log,, EIDs,/ml. (B) Ferrets were inoculated i.n. with
107° EIDs, of Gs/VN/113/01 (shaded bars) or Hong Kong/486/97
(open bars) virus. The mean tissue titers plus SE for three animals per
group on day 3 p.i. are shown. Titers are expressed as mean log,,
EIDsy/g except for the nasal turbinate samples (N.Turb), for which
titers are expressed as mean log;, EID5,/ml. Ol.Bulb, olfactory bulb;
ND, not done.

Lung

rologic investigation for the detection of AIV in domestic
poultry in LBM in Vietnam. Our results established that mul-
tiple subtypes of AIV were circulating in healthy ducks and
geese in Hanoi LBM in late 2001 and identified the domestic
duck as the primary host harboring AIV in this setting. A
major finding of this study was the existence of HP H5N1
viruses which were present in Vietnam as early as 2001, al-
though no outbreaks of highly pathogenic avian influenza
among poultry were reported until early 2004 (64). Prior to this
study and the outbreaks in 2003 to 2004, the isolation of HSN1
viruses was reported only from Hong Kong and, most recently,
from mainland China (5). Thus, these results provide a context
for the recent widespread emergence of HP H5NI1 viruses in
Asia.

Our study was limited to 2 days in October 2001 and was
intended to reflect the status of avian influenza virus circula-
tion at the time of a seroepidemiologic study conducted with
poultry workers. The timing of our study may have been for-
tuitous, because Li et al. (32) recently reported the seasonal
peak of H5N1 virus isolation in southern China to be the
coolest months (October to March), which is also the coolest
season in northern Vietnam. The overall isolation rate of AIV
in the Hanoi LBM was approximately 3%. This rate is similar
to that observed during a 6-month survey conducted in LBM in
Taiwan in 1999 to 2000 (65), but it is higher than the isolation
frequency in a 16-month surveillance study during 2000 to 2001
conducted in LBM in Nanchang, China (34). All AIV from the
Taiwan LBM were isolated from ducks, although the majority
of specimens collected were from chickens (65). Similar to a
virologic surveillance study conducted in LBM in Nanchang,
China, the Taiwan LBM study established that a given subtype
may be present for only a limited period, after which it may be
replaced by other subtypes (34, 65). Thus, the subtypes iden-

TABLE 6. Pathogenicity of Vietnam H5 viruses in BALB/c mice

Mean virus titer = SE” (log;, EIDs,/ml)*

. MID; LDs (log Maximum % weight
Virus (IOngﬁgso) ESIODSO) b loss (day) Day 3 Day 6
Lung Brain Spleen Lung Brain Thymus
HK/483/97 (H5N1) 0.5 1.8 25 (4) 7110 16=*x05 35*x02 59=x03 37x04 29=x0.1
Gs/VN/113/01 (H5N1) 43 6.5 3.709) 39+1.2 =0.8 =0.8 52=*05 =0.8 39=*0.6
Dk/VN/342/01 (H5N2) 4.8 >7.0 35(7) 48 1.2 =0.8 =0.8 71x1.0 =0.8 =0.8

“ Mice were infected with 10° EIDs, of the various viruses. On the indicated days, mice were euthanatized and tissues were collected and subsequently homogenized
and titered in eggs for the presence of infectious virus. The limit of detection for lung tissues was 10" EIDsy/ml and for other tissues was 10°% EIDs/ml.

" SE, standard error.
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tified in the present study likely do not represent the full
diversity of AIV that circulate in the Hanoi LBM.

When the entire HA1 region of the H4 virus Dk/VN/14/01
was compared to available H4 HA1 region sequences, the
highest nucleotide identity was observed with A/Duck/Czecho-
slovakia/1/56 and, over a smaller nucleotide region, with
A/Duck/Nanchang/4-173/00 (Fig. 1A). H4N6 viruses repre-
sented 14% of AIV isolated from ducks in Nanchang LBM
over a 16-month period in 2000 to 2001 and over a 6-month
period in Taipei in 1999 to 2000 (34, 65). In fact, the H4
subtype accounted for 50% of all isolates in Taipei during this
period (65). A similar rate of H4N6 virus isolation was re-
ported for wild ducks in Siberia between 1996 and 1998 (44),
confirming the H4 subtype to be a major subtype prevalent in
wild ducks worldwide (27).

Viruses of the H9 subtypes, in particular HON2 viruses, are
endemic in domestic poultry in Asia, Europe, and the Middle
East (1, 4, 13,29, 31, 41). The isolation of HIN2 viruses in 1998
to 1999 and 2003 from humans with respiratory illness identi-
fies this avian influenza virus subtype as one with pandemic
potential (4, 31, 46, 63). The H9 viruses isolated from ducks in
the Hanoi LBM were of the HIN3 subtype, an HA and NA
combination not frequently isolated in Asian LBM or in wild
bird surveillance programs (1, 34). Genetically and antigeni-
cally, the HAs of these viruses were similar to that of the Korea
lineage of HO viruses (13, 31). Korea lineage H9 viruses were
isolated only sporadically in Hong Kong LBM in 1997, but
since then the G1 and, most recently, the Y280 lineages have
predominated there (6, 13). Korea lineage viruses were also
isolated from ducks in LBM in southern China in 2000 (31)
and from migratory ducks in Japan in 1997 to 2000 (36). While
both the G1 and Y280 lineage of HIN2 viruses have been
associated with human infection, the Korea lineage, to date,
has not (18, 31, 33, 46).

The most significant finding in the present study was the
isolation of HP H5N1 viruses from healthy geese in the LBM,
which establishes that HSN1 viruses were circulating outside of
Hong Kong and mainland China as early as 2001. The HAs of
two H5NI1 viruses were genetically related to that of Gs/Gd/
1/96 virus, the progenitor of the H5N1 viruses isolated from
poultry and humans in Hong Kong in 1997, and were most
similar (>98%) in nucleotide sequence to viruses isolated from
waterfowl in Hong Kong in 2000 to 2001. However, the genetic,
antigenic, and pathological properties of these viruses all differ
from those that infected avian species and humans in Vietnam
in early 2004, indicating that the H5N1 viruses that circulated
in Vietnam LBM in 2001 were not the immediate progenitors
of these latter H5N1 viruses. The fact that no AIV, including
HS5N1, were isolated from chickens during the course of this
study is consistent with the lack of any reports of HP H5N1
among domestic poultry in Vietnam in 2001 to 2002. Chen et
al. (5) recently reported that HP H5N1 viruses circulated in
farmed domestic ducks in mainland China since at least 1999.
The HP HS5NI1 viruses were isolated from apparently healthy
ducks and did not cause severe disease in experimentally in-
fected outbred Sheldrake ducks (5). Gs/VN/113/01 virus
showed a similar lack of virulence in intranasally infected Pe-
kin white ducks in the present study, despite the fact that the
virus replicated efficiently in the lower respiratory tract and
was also detected at substantial titers in the kidneys of infected
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birds. An HP H5NI1 virus isolated from frozen duck meat
imported into South Korea from China in 2001 was similarly
nonvirulent in Pekin ducks, but it was isolated from the brain
for up to 4 days p.i. (57). In contrast to these findings, we
showed here that another HP H5NT1, isolated from a dead wild
bird in a Hong Kong wildlife park in late 2002 (Eg/HK/757.2/
02), exhibited a high level of virulence and was isolated in
substantial titers from the brain. This result is consistent with
those recently reported for other viruses isolated from wild
waterfowl in late 2002 in Hong Kong (54).

The HP H5N1 virus Gs/VN/113/01 also displayed a low level
of virulence for two mammalian species, inbred BALB/c mice
and outbred ferrets. In mice, the HSN1 virus, like the LP HSN2
virus Dk/VN/342/01, replicated in the lungs of mice but with
slower kinetics than observed for a 1997 H5N1 virus shown to
be highly lethal for this species (Table 6) (11, 37). Although
neither Vietnam HS5 virus was isolated from mouse brains,
consistent with a low-pathogenicity phenotype in mice, Gs/VN/
113/01 was detected in the thymus of all three mice sampled on
day 6 p.i., suggesting some tropism for mammalian lymphoid
tissue. The HP H5N1 viruses isolated from ducks in mainland
China since 1999 exhibited increasing virulence for BALB/c
mice, with more recent isolates from 2002 inducing a systemic
and highly lethal infection similar to that observed with the
HS5NT1 viruses isolated from humans in Hong Kong in 1997 (5).
Thus, the pathogenicity of the Vietnam H5N1 virus is typical of
other H5N1 viruses isolated in Asia before late 2002, when
virulence for multiple avian species was first recognized in
HS5NI1 viruses isolated in Hong Kong (54).

The isolation of an LP H5N2 virus from domestic ducks at
one Hanoi LBM was of interest, because LP H5 viruses have
been rarely reported in Asia since 1997, when low-pathogenic-
ity strain Duck/Singapore/Q/F119-3/97 (HSN3) was used as a
surrogate vaccine strain for the 1997 HS5NI1 viruses isolated
from humans (42). The LP H5N2 virus was antigenically and
genetically more closely related to HS viruses that circulated
around 1997 in Italy, and it shared only 91% amino acid se-
quence identity in the HA1 region with the H5N1 viruses
isolated in this study. These results also established that the
H5N2 virus was not a low-pathogenicity progenitor for the
H5N1 viruses isolated in Vietnam in 2001, and neither was the
human HS5NT1 isolates from Hong Kong in 2003 or Vietnam
and Thailand in 2004. In fact, an LP HS strain that is antigeni-
cally and genetically similar to these human 2003 and 2004
HS5NI1 strains has not been identified to date, and the use of
reverse genetics has been required to generate a vaccine strain
bearing an antigenically matched HS HA modified by the de-
letion of the multibasic amino acid motif which contributes to
virulence in both avian and mammalian species (60).

The isolation of multiple subtypes of AIV from ducks in
Hanoi LBM is consistent with the domestic duck being the
major reservoir of the avian influenza virus gene pool in na-
ture. Recently, it has become clear that the domestic duck also
plays a major role in the generation and maintenance of HP
HS5NT1 viruses in southern China (5, 32), while a role for mi-
gratory wild birds in the recent dissemination of HSN1 viruses
throughout much of Asia has been proposed. Our study dem-
onstrates that LBM in Asian countries, such as Vietnam, as
well as those in mainland China and Hong Kong, are a suitable
environment for potential avian virus reassortment and trans-
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mission of H5SN1 virus from waterfowl to chickens and humans.
Moreover, LBM in Hanoi have not adopted the stringent pre-
cautions enforced in Hong Kong after 1997 to limit the spread
of HP H5NT1 viruses from aquatic to terrestrial poultry species
and from avian species to humans (28, 53). The serological
investigation that initiated this virologic study demonstrated
that in 2001 the seroprevalence for antibody to either HP
H5N1 (Gs/VN/113/01) or LP H5N2 (Dk/VN/342/01) in poultry
workers in the Hanoi LBM was low (=1%) and similar to that
detected in an urban control population not occupationally
exposed to domestic poultry (T. Uyeki, unpublished data).
Further human serological studies in Asian countries that re-
cently experienced HP HS5NI1 outbreaks in poultry would
greatly improve our understanding of the true capacity for
these viruses to infect humans. Since 1997, it has been recog-
nized that humans themselves may become the mixing vessel
for a reassortment event between human and avian influenza
viruses that could generate a pandemic strain. Because HP
HSN1 viruses are now endemic in Asia, heightened surveil-
lance in wild and domestic avian species as well as humans will
be an essential component of pandemic preparedness.
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